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By using first-principles tight-binding electronic structure calculation and Boltzmann 
transport equation, we investigate the size dependence of thermoelectric properties of silicon 
nanowires (SiNWs). With cross section area increasing, the electrical conductivity increases 
slowly, while the Seebeck coefficient reduces remarkably. This leads to a quick reduction of 
cooling power factor with diameter. Moreover, the figure of merit also decreases with 
transverse size. Our results demonstrate that in thermoelectric application, NW with small 
diameter is preferred. We also predict that isotopic doping can increase the value of ZT 
significantly. With 50% 29Si doping (28Si0.529Si0.5
 
 NW), the ZT can be increased by 31%.  
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Thermoelectric material plays an important role in solving the energy crisis. The cooling 
efficiency is given by figure of merit, TSZT
κ
σ×
=
2
, here S is the Seebeck coefficient, σ is the 
electrical conductivity, T is the absolute temperature, and κ is the thermal conductivity.  κ = 
κe+ κp, where κe and κp
We focus on SiNWs oriented along the [110] direction with rectangular cross section 
shape, which can be fabricated experimentally. [10, 11, 15] Here the cross section of SiNW 
is from 1 nm
 are the electron and phonon (lattice vibration) contribution to the 
thermal conductivity, respectively. Silicon nanowire (SiNW) has attracted broad interests in 
recent years due to its ideal interface compatibility with Si-based electronic technology and 
the potential applications. [1, 2] It has been demonstrated that the thermal conductivity of 
SiNW can be 100 times smaller than that of bulk silicon. [3-6] .Vo et al. [7] have studied the 
impacts of growth direction and doping on the thermoelectric figure of merit of SiNWs by 
using ab initio electronic structure calculations. In addition to the growth direction and 
carrier concentration, it has been demonstrated that the electronic structure of SiNW also 
depends on the transverse size remarkably [8-11]. Moreover, it is well established that 
isotope doping is an efficient way to reduce the thermal conductivity. [12-14] In this letter, 
we will investigate the impacts of size and isotope concentration on thermoelectric property 
of SiNW. 
2 to about 18 nm2. The surface dangling bonds are terminated with hydrogen 
atoms. A supercell approach is adopted where each wire is periodically repeated along the 
growth direction [110]. The size of the supercells in the transverse plane is large enough (>15 
Å from surface to surface). In this letter, the density functional derived tight-binding method 
(DFTB) [16, 17] is used. The structural relaxation is performed using a conjugate gradient 
method. The atomic force tolerance of 3×10-4 eV/Å is applied. Self-consistent charge 
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tolerance is 10-5
The electrical conductivity σ, the thermal conductivity due to electrons κ
 au. The accuracy of DFTB method in SiNW band structure calculation has 
been demonstrated. [8, 18]  
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, and the 
Seebeck coefficient S, are obtained from the electronic structure with the solution of 
1-Dimensional Boltzmann transport equation as: 
    (1) 
Here e is the charge of carriers, T is the temperature, Ek is the electron energy, τ is the 
relaxation time, m* is the effective mass of the charge carrier, μ is the electron chemical 
potential and D(Ek) is the density of states. In this work, we obtain the value of relaxation 
time τ by fitting the calculated mobility to measured electrical conductivity data of SiNW. As 
the lack of experimental electrical conductivity data on diameter dependence, here we use the 
experimental data of SiNW with fixed diameter of 48 nm (n=1.7×1019 cm-3, σ=588 (Ωcm)-1
16103.4 −×=τ
, 
from Ref. 5), and obtain s. Then, we use the dependence relation [19] between 
the mobility and carrier concentration in bulk silicon to calculate the carrier concentration 
dependent relaxation time. For example,  15107.1 −×=τ  s for n=1.0×1017 cm-3
16107.9 −×=τ
, and 
 for n=5.0×1017 cm-3
dEEfEDn ×−×−= ∫ )()( µµ
. As ZT of n-doped SiNWs is considerably larger than 
that of their p-doped counterparts, we only study n-doped wires in this letter. The carrier 
concentration is defined as: , where f(E) is the Fermi 
distribution function. 
Figure 1(a) and 1(b) sh o w th e size effects o n  σ and S with different electron 
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concentration. σ increases slightly as the diameter increases, while the Seebeck coefficient S 
decreases remarkably. The size dependence arises from quantum confinement effect on the 
electronic band structure. Figure 2 shows the density of states (DOS) of intrinsic SiNWs. It is 
obvious that the larger the dimension of the wire the smaller the band gap. However, as the 
electron band gap converges quickly with transverse dimension increases, [8-11] σ only has 
an obvious size dependence in very small size (less than 5 nm2
In thermoelectric application, the power factor P (
). In contrast, Seebeck 
coefficient S decreases with increasing of size remarkably. Besides the electronic band gap, 
Seebeck coefficient S also depends on the detailed band structure, in which narrow DOS 
distribution is preferred. [20, 21] In SiNW, the large numbers of electronic stats in narrow 
energy ranges can lead to large S. With the transverse dimension increases, the sharp DOS 
peaks widen and reduces S.  The increase in transverse dimension has two effects on band 
structure: reduce the band gap; and widen the sharp DOS peaks, both have negative impacts 
on Seebeck coefficient. So the Seebeck coefficient decreases quickly with transverse size 
increasing. In addition to the transverse size dependence, both S and σ depend on carrier 
concentration. As shown in Figure 1(c) and (d), S decreases as the carrier concentration 
increases, while σ increases as more carriers are available to transport charge.   
σ×= 2SP ), is an important factor 
influencing the thermoelectric performance directly. Figure 3 (a) shows the power factor 
versus carrier concentration. There is an optimal carrier concentration NMax yielding the 
maximum attainable value of PMax. As SiNW area increases, the PMax decreases (figure 3(b)), 
and NMax shifts to lower carrier concentration (figure 3(c)). The slow increase of σ is offset 
by obvious decreasing in S (P~S2), as a result the power factor reduces with size increasing. 
In Figure 3 (b), at small size, the small increases of cross section area can induce large 
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reduction on power factor. For example, with the cross section area increases from 1.1 to 4.7 
nm2, the power factor decreases with about 4300 μW/m-K2. In contrast, the power factor 
versus cross section area curves are almost flat when cross section area increases from 14.1 
to 17.8 nm2
The power factor (P) is related to the cooling power density (PD) of a thermoelectric 
cooler. In the practical application, the maximal cooling power density is given by 
[22]:
.  
2
2
2
1 T
L
SPDMAX
σ
= , here T is the environment temperature around the SiNW, and L is the 
length of the SiNW. In our analysis, we consider SiNW with length of 1μm. Figure 3(d) 
shows the size dependence of maximal cooling power density versus the cross section area at 
room temperature. Even for thick SiNW with cross section area of 17.8 nm2, the maximal 
cooling power density, 6.4×103 W/cm2, is about six times larger than that of SiGeC/Si 
superlattice coolers [23], ten times larger than that of Si/SixGe1-x
The figure of merit, ZT is another important factor for thermoelectric materials. In the 
calculation of ZT, both electron and phonon contribute to the total thermal conductivity. 
Figure 4(a) shows the dependence of electron thermal conductivity (calculated from Eq. 1) 
on carrier concentration. It is clear that κ
 cooler [24], and six 
hundred times larger than that of commercial TE module. [25] 
e increases with carrier concentration and SiNW 
with larger diameter is with higher κe. And κp of SiNW increases with diameter increases 
remarkably until the diameter is larger than about hundreds nms. [26, 27].Thus κ increases 
with transverse dimension. Combine the size dependence of the power factor as shown in 
figure 3(b), we can conclude that ZT will decrease when the NW diameter increases. 
However, at present, there is no consensus in the literature about quantitative expression of 
size dependence of lattice (phonon) thermal conductivity in thin SiNWs, which limits the 
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study of size effect on ZT quantitatively.  
Besides diameter impact, the isotope doping is an important method to tune the thermal 
conductivity of nano materials. [12] In this letter, we focus on the isotope doping effect on 
ZT of SiNW (28Si1-x29Six NWs) with fixed cross section area of 2.3 nm2. From molecular 
dynamics calculation, [12] κp of pure 28Si NW is 1.49 W/m-K. In Figure 4(a) it is obvious 
that with the carrier concentration we studied here, is much larger than. Using our calculated 
S, σ, κe from Eq. 1, and κp value from Ref. 12 (calculated by using non-equilibrium 
molecular dynamics method, Stillinger-Weber (SW) potential and Nosé-Hoover /Langevin 
heat bath, more details in Ref 12), the dependence of ZT on carrier concentration is shown in 
figure 4(b). Similar to the power factor, there exists one optimal carrier concentration NMax 
yielding the maximum attainable value of ZTMax. Moreover, the isotope doping concentration 
changes the value of ZTMax remarkably. Figure 4(c) and 4(d) show the dependence of ZTMax 
and NMax on concentration of 29Si (x). The ZTMax values increase with 29Si concentration, 
reach a maximum and then decreases. In the case of 28Si0.829Si0.2 NW, namely, 20% 29Si, its 
ZTMax increases with 15% from that of pure 28Si NW. And with 50% 29Si doping 
(28Si0.529Si0.5 NW), the ZTMax can increase with 31%. The carrier concentration NMax to attain 
ZTMax is independent on the isotope concentration, as the 29
In summary, we have investigated the size dependence of thermoelectric properties of 
SiNWs. With cross section area increases, the electrical conductivity increases slowly while 
the Seebeck coefficient reduces remarkably which leads to a quick reduction of cooling 
power factor. Moreover, the figure of merit, ZT also decreases with increasing of transverse 
size. Our results have demonstrated that in thermoelectric application, NW with small 
Si doping only changes the lattice 
vibration and has no effect on the electronic structures in our calculations.  
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diameter is preferred. In addition to the size effect, we have also predicted that the isotopic 
doping can increase the value of ZT. With 50% 29Si doping (28Si0.529Si0.5
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Figure 1. (a) σ vs cross sectional area with different carrier concentration. (b) S vs cross 
sectional area with different carrier concentration. (c) σ vs carrier concentration with fixed 
cross section area of 1.1 nm2. (d) S vs carrier concentration with fixed area of 1.1 nm2
 
. 
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Figure 2. DOS for SiNWs with three different transverse dimensions from 1.1 to 17.8 nm2
 
. 
The red dotted lines are drawn to guide the eyes.  
 
 
 
 
 
 
 
 12 
 
 
 
Figure 3. (a) Thermal power factor of SiNW vs carrier concentration with three different 
transverse dimensions. (b) Maximum power factor vs cross sectional area. (c) NMax
 
 vs cross 
sectional area. (d) Size dependence of the maximum room temperature cooling power density 
of SiNW with length of 1μm.  
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Figure 4. (a) Thermal conductivity due to electrons vs carrier concentration for SiNWs with 
different transverse dimensions. (b) ZT vs carrier concentration for different isotope-doped 
SiNWs (28Si1-x29Six NWs) with fixed cross section area of 2.3 nm2. (c) ZTMax vs the 
concentration of 29Si atom. (d) NMax vs the concentration of 29
 
Si doping atom. 
